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Introduction
Despite the fact that the use of market solution has increased in popularity during the recent years a need to impose governmental regulation exists. The exploitation of natural resources is one of such cases where market solution often proves to be insufficient to obtain an efficient exploitation of the resources. Therefore, governmental regulatory goals are set to correct the market failures, for example in international exploitation of fish resources.
International agreements between States that exploit shared stocks are essential to avoid depleted fish stocks and dissipated rents. In such the EU forms an example of international governance, where the regulation such as the fish quotas are decided at the international level (EU level), and a strict management regulation of the resources should be secured. However, success of an imposed management depends critically on whether the regulatory agencies are willing to spend sufficient money to catch and convict violators of regulations.
The purpose in the following is to address the control and enforcement management in international perspective. This issue is relevant in accessing e.g., regulation of international pollution control (see e.g., Silva & Caplan 1997 and Harford 2000) , forestry management (Clarke et al. 1993 ) and climate change enforcement (Chen 1997) . The essence of the problem is that the single states joining the agreement have no incentives to employ cost for monitoring and enforcement, in the sense the situation can many times be described by the classical tragedy of the commons (Hardin 1968) .
The specific issue addressed in the current paper is to analyse the condition under which it would be optimal to use additional cost to employ a centralised enforcement and monitoring of the agreement. The centralised management is seen as an alternative to decentralised agencies, which are cost efficient but have incentives to conduct insufficient enforcement.
In the present analysis the problem is considered in relation to the management of enforcement in the international shared fishery in the EU. Holden (1996) states that the Achilles heal of the Common Fisheries Policy is that the decentralised authorities (Member States) enforce quotas, leaving the federal level (the EU commission) an inferior role to play.
It is specifically addressed whether the task of enforcement and control can be conducted at a decentralised regional level, which due to information advantages is the most cost efficient level to place the monitoring.
We study the problem in a two-stage game setting. In the first stage the government(s) set their enforcement / control effort level which has a direct impact on the fishermen's probability of getting caught in illegal harvesting. In the second stage the fishermen maximise their expected profits taking into account the control effort of the government(s) and the actions of the other fishermen.
We compare the cooperative (EU) case with the non-cooperative case when there are two Member States. In the cooperative case there is only one central authority that decides the control effort in the first stage. In the non-cooperative game two countries solve their equilibrium control efforts in the first stage. In both cases fishermen play a non-cooperative game among themselves in the second stage.
For the two-country game we separate between two interesting special cases where the proportion of domestic and foreign fishermen varies in the domestic zone of the controlling authority. We show how this proportion of foreign fishermen may affect the equilibrium control efforts of the two countries.
In addition, of the analytical results we provide a numerical example where we discuss, for example the issue of cost recovery. That is, we study whether the fishermen could afford to participate in the enforcement costs that could guarantee more efficient harvesting. Sutinen and Andersen (1985) have studied the enforcement of fish quotas in a single-player model. Milliman (1986) has considered optimal enforcement in the presence of costly enforcement and avoidance activities to escape detection of illegal activities. Jensen and Vestergaard (2000) have studied the moral hazard problem when individual catches are unobservable to society. Further, Hatcher et al. (2000) , Anderson & Lee (1986) and Kuperan & Sutinen (1998) have studied the problems of enforcement and compliance in fisheries.
Although these examples show that there are many applications in the area of fisheries enforcement there have been no attempts to construct a model with international perspective.
The current paper contributes to the literature by analysing an enforcement game between two countries with a common fish stock.
The outline of the paper is as follows. The regulation of fisheries in the EU is described in section 2. In section 3 we briefly describe the underlying Gordon-Schaefer model. The game with a single controller is established in section 4. Section 5 extends the analysis of section 4 by allowing decentralised control, that is, two controlling countries. In section 6 simulations of the results are conducted. Finally the results are discussed in section 7.
Control policy of the European Union
As in most other fisheries around the world an arsenal of different regulations that restrict catches is employed in the EU fishery.
1 However, regulations have no influence on the sustainability of the fishery, if the fishermen neglect them. In this sense it is important that the managing authority employs sufficient control/monitoring effort to secure compliance in the regulated industry. As there is significant cost to control/monitor the industry, it is reasonable that the control should be conducted at the most cost efficient managing level (Wallis and Flaaten, 2000) . On the other hand it is important that the monitoring authority does not have conflicting interests that leads to a control policy that is either insufficient or discriminatory.
EU common regulations e.g. the TAC (=Total Allowable Catch) are decided at the EU level.
The competence to monitor regulations is placed at the level of the Member State. The institutions at the EU level play only an inferior role in the control of the fishery. 2 The decentralised Member State level is presumably the most cost efficient place to put the competence of control. The reason is that the Member State's authority has the best knowledge of the national fishing industries, the fishing gears and seasonal fishing patterns that are essential for detecting non-compliance. Based on a cost minimisation criterion the handling of the control policy should be placed at the Member State level.
The core problem in the EU fishery is that the Member States are sharing a scarce common resource. The EU fishery is a non-cooperative game, where each Member State has an incentive to increase catches, which will happen at the expense of the other Member States in the EU. In this sense it might be problematic to decentralise the control at the Member State level, because the Member States might be tempted to manage the control policy based on national preferences, that is, to employ a control policy insufficient to secure EU regulations.
In the non-cooperative game Member States maximise their individual economic earnings that flow from the activity of their national fishermen from the utilisation of the fish resources.
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The Member State is put in a position of conducting a monitoring policy that is against the State's own interest, because it reduces the national earnings. The Member State has an incentive to implement a lower than optimal monitoring level that ignores when national fishermen try to increase their income by breaking the EU regulations. The individual Member State thus, has an incentive to implement a laissez faire control policy in the fishery to maximise the net national income. In this sense the self-interest of the Member States might be a problem that disqualifies the Member States to accomplish the necessary control precautions to secure the EU regulation. The EU institutions on the other hand would not be expected to have any self-interest to obtain an insufficient control policy. Based on a criterion to avoid disqualification that due to self-interest gives incentives to employ an insufficient control policy, the competence to monitor should be placed at the EU level.
Modelling the monitoring problem in a economic setting
From a policy point of view of it is interesting to analyse under what conditions it is feasible to place monitoring either at the Member State or the EU level. We analyse the problem of whether to centralise or decentralise enforcement in a game theoretical setting. This is accomplished by comparing the results of two different games. In the first game a single centralised controller (the EU) controls fishermen that are playing a non-cooperative game 3 The Member States gain will come in from income earnings by national fishermen, related economic activities, and tax payment from the fishing sector, etc.
over the resource. In the other game we have two decentralised controllers that are controlling the fishermen playing a non-cooperative game. In both cases the purpose of the control manager is to decide how much control effort to employ when confronted with fishermen that would utilise the resources to a very low level. It is assumed that control effort is costly, and that the control cost (γ 1 ) is higher for the centralised controller than the control cost (γ 2 ) of the decentralised controllers. This implies that we have a non-trivial problem to place the competence of control in a non-cooperative game. 
Derivation of sustainable effort and stock levels
In this section we briefly present the general model that further sections of the current paper are based on. The aim is to show the relationship between sustainable fishing effort levels and the steady state stock level.
We follow the model used by e.g., Ruseski (1998) , with a single stock of size x following the Gordon-Schaefer model,
the stock, x, is harvested by n fishermen of which n/2 belong to country 1 and the other half to country 2. In this model discount rate is equal to zero, growth of fish is given by logistic growth function,
where r is the intrinsic growth rate of fish and K is the carrying capacity. We have a production function (harvest for fisherman i) of the Gordon-Schaefer type,
Here x is the stock, e i is fishing effort and q is catchability coefficient that is equal for all fishermen.
The steady state stock is derived by use of equations (3.1), (3.2) and (3.3) when harvest equals
We see that for each level of fishing effort there is a correspondent steady state stock level that can be sustained. For simplicity we approximate the number of fishermen by letting n approach infinity, which gives the open access case. In equilibrium there are thus no rents to be gained from the fishery.
Controlling the fishery: The case of a single central authority (The EU)
In this section we have a single controlling authority. The problem of the controller is to decide the level of control given control is costly. The problem of the fishermen is to decide the optimal fishing effort level; they play a Nash game in the exploitation of the fish resource.
The fishery is managed by a TAC regulation. It is assumed that the TAC is set at sufficiently low level so that it restricts the fishing effort of the fishermen. Without regulation in the fishery the open access solution or in our case non-cooperative effort level produces catches that exceeds the TAC. This follows because it is not optimal for the central authority to choose perfect control since control is costly.
The control authority is assumed to maximise the economic surplus, which is given by the difference between fishermen profits and control costs:
The government decides the level of the control effort Z based on the objective function (4.1), where the first term is the sum of gross national income in the fishing sector denoted by P i (o).
The second term indicates the governmental control costs, which consists of the unit cost of control γ 1 and the level of control effort Z. We see that if control effort is extensive the cost for control goes to infinity. On the other hand if control effort is zero then we still have a fixed management cost of the fishery worth γ 1 . The fixed part of the management costs is due to e.g., research costs.
The fishermen choose the level of fishing effort e i based on expected profit maximisation:
The profit of the fishermen depends on whether they decide a strategy of compliance. The fishermen are assumed to be risk neutral. The expected returns under non-compliance are described in equation (4.2a). The first term is the expected individual income, where Ψ is the risk of being caught in non-compliance, h is the quantity harvested and price is the unit price on the harvest. The second term denotes the cost of fishing effort that is unit cost of cost effort, c, times units of employed fishing effort, e i . The third term is the expected penalty of being caught, which is the risk of being caught (Ψ) times the penalty, Ω. Equation (4.2b)
indicates the profit in the case of compliance equal to the gross income minus the cost of fishing effort. Clearly, if the expected profit of non-compliance is larger than compliance then the fishermen find non-compliance optimal.
The two decision problems in (4.1) and (4.2) are solved by backward induction, where we first solve the problem of the fishermen. This is done based on information of the announced TAC regulation, the level of control effort Z, and a fixed penalty Ω, where Z is the decision variable of the central authority. The fishermen of the two countries decide the fishing efforts in a non-cooperative Nash game that produces a subgame perfect equilibrium. Basically the fishermen have an incentive to lower their fishing effort when the government increase the control effort. This follows since it is costly for the fishermen to be caught harvesting more than the TAC. We assume a linear relation between the control effort and the risk of being caught, denoted by Ψ = Z, where control effort is denoted by Z and the fishermen's risk of being caught, Ψ. Secondly, the decision on the level of control is found for the central authority, which depends on level of fishing effort decided by the fishermen under all possible TACs.
Solving the fishermen game produces the non-cooperative effort levels e i (o) and profit levels P i (o) for the fishermen.
The optimal fishing effort of the fishermen facing a centralised authority
The maximisation problem of the fishermen is In our case the relevant objective to maximise is the case where catches are above TAC, that is, there is non-compliance (see above). The objective function of the fishermen given noncompliance (upper equation) means that the fishermen have an expected penalty of ΨΩ and in addition to this the expected value of the catch (1-Ψ)ph i is confiscated. We assume that the penalty Ω is exogenous and low. Kuperan and Sutinen (1998) . Note that we assume that the EU sets the TAC so low that the fishermen are catching more than the TAC in their non-cooperative equilibrium without control. Therefore, the relevant reaction functions are given by equation (4.3) with b equals pqK 
The optimal control effort of the central authority
The EU maximises the net present value of harvesting less the control costs:
The objective function of the EU does not include the penalties paid by fishermen (Ψph i +ΨΩ) because this is exactly offset by the income received by the EU from the penalties.
The optimal control policy is found by taking the first order condition: 
A corner solution (no control) will emerge when the control costs are sufficiently high. In this case the central authority does not find it profitable to control the fishery since the additional value received from the fishery is less than the control costs to achieve a lower fishing effort. Further, from (4.5) we see that increasing p and/ or K leads to higher optimal control effort.
See appendix for proof. The intuition behind the result is that if the resource is more valuable the government has increased incentive to control the exploitation. The effects of the remaining parameters are less obvious and may depend on the fishery parameters. Further, note that Z values greater than or equal to one are impossible since we assume that harvesting is profitable for which it is necessary that b < 1 (see e.g. Mesterton-Gibbons 1993).
To prove this let us denote the maximum control effort by r c pqkcr r c Z In the game between two decentralised control authorities the decision of control effort is based on strategic as well as fishery benefit and control cost considerations. This represents an extension of the control problem of the single controller, which was purely based on cost and benefit considerations. In the present context each authority will strategically let the level of control depend on whether domestic or foreign vessels are controlled. This does not mean that the controller will impose different control of domestic and foreign respectively, but rather that the controller will let the level of controlling effort depend on the share of domestic/foreign vessels that are exploiting the fishery. It is assumed that the controller controls the vessels randomly. This implies that if 75% of the vessels operating in the fishery are domestic then on average 75% of the time the controller monitors the domestic vessels. In other words in the model the decentralised controller is by assumption not allowed to employ all its control effort only to monitor the foreign vessels.
We assume that the decentralised control authority monitors the fishing within its own zone.
The variable S measures time spent controlling the domestic fishermen in the national fishing zone. In this sense S=1 implies that the national fishermen fish entirely in the national zone, whereas S=0.5 means that they only fish half of the time in the national zone. The level of S is critical, because it is crucial for the calculation of the national income and thereby for the decentralised authority in the decision on the level of the control effort. In this sense S=1 means that decentralised authority only control the domestic fishermen, because no foreign fishermen are fishing in the zone, whereas S = 0 means that only foreign fishermen are controlled because no domestic fleets fish in the zone.
It is assumed that the decentralised authority imposes a similar control on the domestic and foreign fishermen. In this sense incentives of the local authority to impose a more tough control on foreign than domestic fishermen is not allowed in the model. 4 Secondly, the decision of the fishermen whether they want to fish in the domestic or the foreign fish zones is exogenous. The decentralised authorities will let the optimal control effort depend of the share of domestic and foreign fishermen operating in the fishing, and analysis of this specific issue is addressed by studying to which extent the solution will change domestic/foreign fishermen share, denoted by S. The gain of specifying S is that this allows us to analyse whether the result would change in S.
We assume that each country is responsible for the control of its own national zone with sum of control costs γ 2 (γ i control cost of country i). This means that the country is handling the control on both the domestic and foreign vessels within its zone. The game proceeds in similar way as in section 4. The difference to the earlier analysis is now that the efforts chosen by fishermen in country i are also a function of control policy of country j since this control policy affects fleet j's decision and this is the fleet that the fishermen in country i have to compete against. Thus, also in the governments maximisation of their choice of Z i depends of Z j .
The optimal fishing of the fishermen facing decentralised authorities
The expected profits of the fishermen in the case of illegal catches is now:
The expected income of the fishermen i can now be separated between the two fishing zones that are respectively the domestic and the foreign zones. The expected profit of fishermen i of operating in fishing zone is denoted in (5.1a), where the first term is the expected income of non-compliance in zone. The second term is the expected term of compliance in zone i. The expected profit of operating in zone j is likewise outlined in (5.1b). The total expected income of the fishermen operating in both fishing zones is expressed in (5.1c), which follows by adding (5.1a) with (5.1b).
The reaction functions of the fishermen are now a modified version of equation ( We notice that the effort in country i is a function of control in country j since
which is efficiency parameter showing how profitable the fishery is.
There result is that we have two opposite effects, which in equation (5.3a). The first effect implies that an increase in the control of country i will decrease potential income and thereby decreases effort in country i. The second effect is half of the magnitude of the first effect and is given by the last term of equation 5.3. According to the second effect increased control effort of the foreign state means decreases fishing effort of the foreign state and this means that the domestic fishermen will increase their fishing effort (given that S lies between 0.5 and 1).
The optimal control effort of the decentralised authorities
We compare two cases. The first case is S = 0.5 where half of the fishing effort of the domestic fleet is directed to the foreign zone. The second case S = 1 is the case where all domestic vessels harvest within the domestic zone. Thus, this is the case where each country controls its own vessels.
The countries then maximise the following:
Since e i is a function of e j and Z j , Z i is also a function of these. In the following the subgame It is again straightforward to show that increase in control costs leads to lower control effort.
Further, from (5.5) we see that increasing p and/or K leads to higher equilibrium control efforts.
Comparing the EU optimum Z* (equation (4.5)) and the non-cooperative equilibrium with S = 0.5 shows that whether the EU optimum Z* is higher than the equilibria levels of control depends only on control costs. To see this we manipulate We have that the control effort Z must be lower in the case when S = 1. Given that there is no control cost difference between the EU and the two-country cases, we can also state when control effort in the two-player case when S = 1 is lower than in the EU case.
Comparing the solutions with It is then straightforward to show that with b < 1/9 and condition (5.9) we may have that there is a positive equilibrium control effort higher than the optimal EU control effort level. 
Numerical example
We use the following numerical example to illustrate the main results. To obtain the results we exploit the model developed in sections 3 to 5. For sake of comparison the results outlined in Table 1 is normalised, this means that the results for the EU case is set to unity that numerical figures for other incidents can directly compared numerically. This means for example that a control effort 0.94 means that the case would imply a 6% reduction in the control effort compared to the case of EU control.
In the Table is distinguished between the cases of one central controller (EU) and decentralised controlling undertaken by two countries. In the case of decentralised enforcement we calculate different numerical values depending on the values for S and γ control costs. The control cost of EU is set to γ 1. For the decentralised controllers we simulate two cases. In the first case the control cost of the decentralised controllers is 25% less than control cost of the EU. In the second case we assume that the control costs of EU and decentralised controllers are equal. For the share of national fishermen S, we employ two values S = 0.5 and S = 1 that imply that the proportion of domestic fishermen is half and 100 % of the total population of controlled fishermen, respectively.
A general result that is enfolded by the Table is that it is Pareto optimal to leave the competence to control the fishery by the EU. This follows because both the government and the fishermen will be better off in terms of government surplus and profits to the fishermen.
The result depends critically on the level of control cost, we have assumed that cost advantage of the decentralised control is be 25% of the cost of EU. However, as indicated in section 5 a cost efficiency of 50 % is needed to secure that the control effort is at the same level in the EU cooperative case and in the two-country non-cooperative game. Note however, that for achieving a welfare gain an efficiency difference of strictly less than 50 % is sufficient. This is because the control effort is the same when the cost difference is 50 % and clearly the countries are then strictly better off in the non-cooperative game as compared with the EU case. Therefore, a smaller cost difference is sufficient to make the countries indifferent between centralised and decentralised enforcement.
Another result enfolded by the simulations is that under a regime of no control, the profits of the fishermen are zero. This follows from the results of the familiar literature on open access fishery (see e.g. Mesterton-Gibbons 1993) . In addition to this we see that under open access the government has a negative surplus because we assume that the government has some fixed management cost.
When looking at the control effort, assuming the control cost of the EU and decentralised states are the same γ 1 = γ 2 , it is seen that control effort of the decentralised states varies between 56% and 85% of the control effort employed by the EU. This follows because in the non-cooperative solution the countries are only concerned about their national income and the obtained equilibrium is a typical example of tragedy of the commons. The negative externality problem is less severe when there are also foreign fishermen in the national zones (S = 0.5). This is because the countries then have more incentives to increase enforcement level thereby decreasing foreign fishing effort in the domestic zone. It is also interesting to note that although there is only minor difference in the control effort there will be a dramatic difference in the obtained surplus to the government, only 53% and 13 % relative to the cooperative game for S = 0.5 and S = 1, respectively. The reason is that the fishermen employ much more fishing effort in the non-cooperative game, and as they do so there will be less harvests and the stock level is smaller. The expected profits of the fishermen are not affected dramatically as was the case with government surplus. This is because less control effort also means lower probability of getting caught in illegal harvesting. Fishermen expected profits are 84 % and 44 % of the EU case for S = 0.5 and S =1, respectively.
For cases where enforcement cost differs between the EU and the Member States, γ 1 > γ 2 , the control effort of the decentralised states is, respectively 67% and 94% of the EU control effort level. Moreover the surplus of the government and expected profits of the fishermen are higher than for the case of equal control costs. This follows because the 25% reduction in the control cost of the decentralised states implies a more cost efficient enforcement that allows the countries to control their fishing zone with less cost.
When comparing the income of the fishermen under centralised and decentralised enforcement, we extend the discussion with the possibility of cost recovery of the enforcement costs emphasised by Arnason et al. (2000) , Wallis and Flaaten (2000) and Andersen and Sutinen (2000) . The cost recovery concerns the extent to which it is possible that the users of the resource cover some of the enforcement costs. In this respect the government might charge the fishermen for participating in the fishery. This implies that if the fishermen obtain higher profit under regime of high control effort than under regime of less control effort, the regulator could use this difference in fishermen profits as an argument to let the fishermen finance some of the control cost. The argument for charging the fishermen follows because they benefit economically from the employed control effort. Stating the possibility of cost recovery we are looking at the expected profit of the fishermen. In Table 1 it is outlined that cost recovery is possible under decentralised enforcement. For example when S = 1, assuming that control cost is γ 1 = γ 2 , then by letting the fishermen pay the 25% control cost difference moving to situation when γ 1 = γ 2 , the expected profits of fishermen increase from 44% to 69% of the EU solution.
However, the fishermen cannot afford to pay the difference between centralised and decentralised control costs in any of the cases. This is due to the high control costs needed to enforce the cooperative solution. For example, having control cost difference and S = 0.5 the non-cooperative game produces nearly as much government surplus (92 %) and expected fishermen profit (93 %), but at a much lower control cost 57 %. A limitation of the present model is that is static that implies that the cost of excess fishing capacity in a dynamic context is not addressed. By allowing capacity dynamics cost recovery induces taxation that would impact the employed fishing capacity. This might prove to the right context to evaluate the impact of cost recovery. In the present static context, the simulations indicate that complete cost recovery is not obtained.
Discussion
In management of international shared resources economic rents are obtained by coordinating the exploitation of the resources. The management of the fishery resources in the EU is an interesting case of international cooperation because the Member States have committed principal elements of the conservation policy to the federal level. Sutinen and Andersen (1985) emphasize that an essential element in the management of a regulated industry is the implementation and the enforcement policy. Enforcement is essential to order to ensure that imposed regulations are not neglected. The present paper has addressed the employment of enforcement policy in an international context. We have focused on whether the enforcement management should be conducted at the centralised (federal) or decentralised (regional) level. This has been accomplished by use of a two-country model that describes enforcement of international shared resources. Another way that the Member State could obtain funds to finance their enforcement/management goes through user payment. The fishermen as the main user group of the fishery resources could be charged for the enforcement. This is called cost recovery and has been employed in Australia, Canada and New Zealand. The use of cost recovery has not been considered in the EU, but opens for some interesting extensions on the present analysis.
The implication of employing the user charge at the Member State and Federal level should be studied in the future.
A further EU policy that would seem reasonable would be to allow fishermen to harvest in the waters of the foreign Member State. This would reduce the problem of non-cooperative behaviour (national interests) by decreasing S, the proportion of domestic fishermen.
Following the model a decrease in S, the proportion of domestic fishermen, would give higher level of enforcement than the case where the proportion of domestic fishermen is high.
The current paper has also opened a number of avenues for further research. The trade-off between complete compliance and costly enforcement could be studied taking into account several features. First, the asymmetry between countries and fishermen could be analysed when countries may have different fleet sizes and cost structures. Second, the effect of having more than two countries and possible groups of Member States could be studied. Finally, the problem could be studied in a dynamic setting. 
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